Materials formed from micro-and nanoscale particles are of interest because they often exhibit novel optical, electrical, magnetic, chemical, or mechanical properties. In this work, a means of constructing particulate materials using DNA strands to selectively attach micro-and nanoparticles to substrates was demonstrated. Unlike previous schemes, the DNA was anchored covalently to the particles and substrates, rather than through protein intermediaries. Highly reproducible selective attachment of 0.11-0.87 m-diameter particles was achieved, with selective:nonselective binding ratios >20:1. Calculations showed that at most 350 and 4200 DNA strands were involved in the binding of the small and large particles, respectively. Experiments showed that the DNA was bent at an angle, relative to the surfaces of their solid supports.
I. INTRODUCTION
Recently there has been a great deal of interest in methods of rationally assembling micro-, nano-, and even molecular-scale devices and structures. Materials formed from micro-or nanoparticulates often exhibit novel optical, 1,2 mechanical, 3 magnetic, 4 or electrical 5 characteristics. Such materials therefore have potential in applications ranging from the construction of optical filters and gratings to the fabrication of ultra-high-density magnetic storage media. The assembly of nanoparticulate materials can also be used to generate templates or masks for additional material processing. 3 Additionally, the assembly of nanoparticles modified to contain a chemical or biological species can be used to form biological and chemical sensors. Finally, it has been suggested that as devices (such as III-V transistors, light emitting diodes, and lasers) are scaled-down in size to the micron and submicron regime, nanoassembly techniques may be necessary to integrate the devices themselves with host substrates. 6 -9 Because of the widespread interest in assembling micron and nanometer-sized particles and devices, researchers are increasingly turning to self-assembly methods to direct material assembly. Particularly interesting has been the use of DNA molecules to assemble materials. 10 -12 A number of "templating" schemes have been explored in which DNA molecules act as mechanical scaffolds on which inorganic materials can be coated. Examples include the use of plasmid DNA to direct the location and size of deposited semiconductor particles, 13 and the use of linear DNA strands to template the formation of silver 14 and palladium 15 wires. Other schemes rely on the nucleotide sequence of the DNA molecules to direct the assembly of tethered inorganic particles. Such sequence-specific schemes rely on the complementary nature of the four nucleotides that compose DNA. A nucleotide with an adenine (A) base forms two hydrogen bonds (hybridizes) only with a nucleotide that has a thymine (T) base, while a guanine (G)-based nucleotide forms three hydrogen bonds, and hybridizes only with a cytosine (C) complement. The use of sequence-specific DNA assembly has enabled the controlled aggregation of free-floating gold nanoparticles for use as sensors, 16, 17 and in material synthesis, 18 as well as the tethering of particles to substrates for use in sensors 19 and mechanical measurements of DNA strength. 20 Sequence-specific DNA assembly schemes are extremely powerful in that they allow the unique addressing of multiple identities. Gene chips regularly use arrays of 1 × 10 4 -1 × 10 6 different DNA sequences to rapidly distinguish as many complementary DNA sequences in a massively parallel fashion. 21, 22 It has been suggested that this same parallelism could be exploited in materials assembly so that many thousands of unique particles or devices could be self-assembled selectively at specific locations on a substrate. [6] [7] [8] [9] In this work we demonstrate the sequence-specific selective attachment of micro-and nanoscale polystyrene beads to substrate surfaces using artificially synthesized DNA-molecules. Unlike previous schemes, 19, 20 our technique does not utilize protein-protein interactions during the assembly process. Rather, DNA strands are covalently linked to the substrate, their complements are covalently attached to the particles to be assembled, and the particles are assembled when the complementary strands hybridize. The lack of big bulky proteins in the assembly scheme should in principle enable higher DNA packing densities on both substrates and particles, and should result in stronger particle-substrate attachments. Additionally, the fact that the DNA strands are attached covalently to the surfaces of interest should result in a robust assembly method relatively insensitive to pH and temperature changes that would denature proteins.
Although in this work we demonstrate only the selective attachment of polystyrene beads to SiO 2 substrates, the technique that we illustrate is a general means by which nanoparticulates may be assembled to form materials with a variety of novel properties. Such materials have applications in fields ranging from the construction of optical gratings to the generation of biological sensors.
II. MATERIALS AND METHODS

A. Preparation of DNA
DNA molecules for substrate attachment (Oligos Etc., Wilsonville, OR) were 21 nucleotides in length, and had two "spacer9s" (triethylene glycols for a total of 18 atoms) and a RNA uracil-nucleotide modification at their 3Ј ends. The sequences used were nicknamed S1 and S2. The sequences were S1: 5Ј CTC CAA ATT TgC TgA ACT CTT-(spacer9)-(spacer9)-U 3Ј; and S2: 5Ј ggA gAT gAg gAg TTC TAC gTT-(spacer9)-(spacer9)-U 3Ј. DNA was purchased lyophilized, and was reconstituted in 0.1 M ethyened aminetetraacetic acid (EDTA). Following reconstitution, the ribose sugar of the uracil nucleotide at the 3Ј end of each strand was oxidized by mixing 30 optical densities (ods) of DNA with 30 l of 0.1 M NaAcetate and 30 l of 0.45 M NaIO 4 , and stirring for 2 h. Oxidized DNA was then desalted with G10 Sephadex (Pharmacia Biotech, Piscataway, NJ) columns that had been equilibrated with nanopure H 2 O. Fractions were collected, the DNA visualized on thin layer chromatography (TLC) paper, and fractions containing DNA were concentrated with a butanol extraction. Following oxidation, sodium phosphate (NaH 2 PO 4 , pH 7.3) was added to produce a 0.1 M NaH 2 PO 4 DNA solution.
DNA molecules for bead-attachment (TriLink Inc., San Diego, CA) were 21 nucleotides in length and were complementary to the S1 and S2 strands designed for substrate attachment. These sequences were nicknamed S1comp and S2comp, respectively, These DNA sequences were modified at their 3Ј-termini with two spacer9s and an aldehyde moiety. The DNA was purchased lyophilized and was reconstituted in 0.45 M NaAcetate.
Lyophilized reporter DNA molecules, complementary to the substrate and bead DNA, but containing a fluorescent reporter at their 3Ј ends were reconstituted in 0.1 M sodium phosphate (NaH 2 PO 4 , pH 7.3). Reporter molecules used included Bodipy TR, and FAM fluorophores.
B. Preparation of beads
Amine-functionalized polystyrene beads of 0.87 m (Bangs Inc.) and 0.1 m were exchanged into 0.1 M NaPhosphate, 0.15 M NaCl, pH 7.2, by repeated buffer exchange and centrifugation. The beads were subsequently treated with a solution of succinimidyl 6-hydrazinonicotinamide acetone hydrazone (SANH) in N 2 NЈdimethylformamide (DMF) and incubated at room temperature overnight. The beads were centrifuged and the supernatant discarded. The beads were washed with 0.1 M morpholinoethanesulfonic acid (MES), 0.9% NaCl, pH 4.7, to exchange buffer and remove the hydrazone protecting group. Beads were then suspended in a 0.45 M NaAcetate solution. Aldehyde-functionalized DNA was mixed with the beads at stoichiometric ratios of approximately 1:10, and allowed to conjugate overnight. Following conjugation, the beads were aspirated several times to remove unbound DNA, and suspended in a solution of 0.1 M NaCl, 50 mM Tris, 0.1% Tween. To confirm DNA-bead attachment, a small volume of the DNA-conjugated beads was mixed with complementary reporter DNA functionalized with a fluorophore, and hybridization was allowed to occur overnight. Following hybridization, the beads were aspirated several times to remove excess DNA and suspended in a solution of 0.1 M NaCl, 50 mM Tris, 0.1% Tween. Fluorescence intensity (measured with an epi-fluorescence microscope) was compared with control groups to confirm bead-DNA attachment.
C. Preparation of substrates
Silicon substrates with approximately 3000 Å SiO 2 grown by plasma-enhanced chemical vapor deposition (PECVD) were placed for 5 min in a mixture of 10:1 toluene:aminopropyltriethoxysilane (APS) and heated to approximately 65°C. Substrates were then rinsed in toluene and methanol, dried with N 2 , and baked at approximately 90°C for 1 h. Oxidized substrate DNA was pipetted onto the portions of the substrate where DNAattachment was desired, the chips were covered, and allowed to stand 1 h at room temperature. Typically, each substrate was prepared with two different kinds of DNA. S2 strands were allowed to conjugate to the left third of the substrate, while S1 strands were conjugated to the right third. The middle third of the substrate was left free of DNA. The oxidized DNA bound to the amine groups on the APS chip surface, forming strong covalent bonds between the DNA and substrate. The chips were rinsed vigorously in a 0.1 M solution of sodium phosphate, pH ∼7.3, 0.1% w/v sodium dodecyl sulfate (SDS) to remove noncovalently attached DNA.
Following DNA attachment, a quartz and chrome mask was often placed in contact with the substrates, and ultraviolet (UV) light ( ‫ס‬ 260 nm) was shined through the mask for 1.5 h. DNA irradiated by the UV light was destroyed, leaving patterns of viable DNA where the mask was opaque. This patterning was not required to demonstrate the selective DNA attachment of particles; however it served to illustrate that lithographic spatial control over bead distribution could be achieved.
To check DNA-substrate attachment, complementary reporter DNA functionalized with a fluorophore was pipetted onto the substrate and hybridization allowed to occur for approximately 30 s. The substrates were then rinsed vigorously in 0.1 M sodium phosphate solution to eliminate nonselective binding and compared with controls to confirm substrate-DNA attachment.
D. Bead-substrate attachment
Beads ranging in size from 0.1 to 0.87 m in diameter and conjugated to S2comp or S1comp DNA were released in a droplet (approximately 60 l) of 0.1 M sodium phosphate (pH ∼7.3) solution above the substrates coated with S1 and S2 DNA. Brownian motion tended to keep the particles suspended in solution. When particles encountered DNA on the substrate complementary to the DNA on the particles (i.e., a positive match), they hybridized and stuck to those locations. Figure 1 schematically portrays the preparation of the substrates and the hybridization of the beads to them. Hybridizations were allowed to occur for times ranging from 10 min to 24 h. Pictures of the substrates were taken using a brightfield microscope focused on the substrate while the bead solution was still on the chip. After hybridization, chips were occasionally immersed in a 0.1 M sodium phosphate solution to gently rinse away excess beads. These immersions, however, tended to wash away some of the desired (selective) bead attachment also, and were discontinued. Figure 2 shows the results of several bead-substrate attachment experiments, conducted with 0.87 m polystyrene beads on a substrate, UV-patterned with 100 m diameter lines. Each row in the figure shows a different substrate. The three columns show the left, middle, and right thirds of the substrate, to which S2 DNA, no DNA, and S1 DNA were attached, respectively. On substrate 1 (row 1), beads conjugated to S2comp DNA were placed in solution and allowed to hybridize to the substrate. After 2 h, only the left side of the chip (to which S2 DNA had been attached) showed a pattern of beads. On substrate 2 (row 2), beads conjugated to S1comp DNA were placed in solution and allowed to hybridize to the substrate. After 2 h, only the right side of the chip (with complementary S1 DNA) showed a pattern. These results were quite reproducible, and similar results were obtained with 0.1 m polystyrene beads. Thus, both nanoand micron-sized particles were successfully attached to substrates using sequence-selective DNA assembly.
III. RESULTS AND DISCUSSION
The lithographic features of the patterns (written with UV light) are much larger than the size of the individual beads that compose the patterns. Importantly, however, FIG. 1 . Schematic of the DNA assembly process. the beads themselves can be arbitrarily small. Thus, DNA assembly is a technique by which nanoscopic materials (much smaller than the lithographic limit) can be assembled and positioned with lithographic accuracy.
The optimal amount of time required to achieve the best hybridization of beads to surfaces is expected to depend on a number of factors, including the size of the beads used and the size of the UV-generated patterns that are to be resolved. For the particular sets of beads and substrates used in our experiments, it was found that approximately 1.5 to 2 h of passive hybridization were required to achieve the maximum differential between complementary and noncomplementary portions of the substrate. With less time, the formed patterns of beads were incomplete, or poorly resolved. However, more than 2 h hybridization time did not result in additional resolution.
In row 3 of Fig. 2 , beads conjugated to S1comp DNA and beads conjugated to S2comp DNA were combined in one solution and allowed to hybridize to the substrate. After 2 h, only the left side of the chip (with S2 DNA) showed a pattern. Despite repeated efforts to simultaneously assemble S2comp labeled beads and S1comp labeled beads, only S2comp labeled beads assembled when both moieties were present. It is not known what gave rise to this limitation, but a possible explanation is that solutions containing beads with both moieties tended to clump together. With the elimination of such clumping, the parallel assembly of multiple different kinds of beads should be possible.
To determine the selectivity with which DNA assembly can be performed, 0.87 m beads were allowed to selectively find their matches on a substrate. The number of particles in representative areas of the substrate with and without DNA was then counted. Figure 3 shows representative portions of the substrate from which particle counts were derived. Beads attached to regions of the substrate labeled with complementary DNA over regions of the substrate with no DNA with selectivity ratios of greater than 20:1.
An upper bound for the number of DNA molecules per bead needed to allow selective bead-substrate attachment can be deduced from these experiments and a knowledge of the structure of the DNA molecules and beads used. It was calculated that the DNA used in these experiments was capable of tethering particles at a maximum distance of 15.6 nm away from the substrate surface. [DNA molecules covalently bonded to the substrates and beads were 21 nucleotides in length and had two spacer9 (triethylene glycol 150) molecules attached to the DNA to separate the DNA sequences from their solid supports. Each spacer 9 is estimated to be approximately 18 Å in length, and the DNA sequence itself is estimated to be approximately 84 Å in length. The maximum distance between the surface of the bead and the surface of the substrate that will still allow hybridization of the full strand is therefore estimated to be bead, 23 the surface area of the beads that is within 15.6 nm of the substrate can be calculated from simple geometric arguments. (A bead in contact with a solid surface will deform slightly, according to Johnson Kendall Roberts (JKR) theory. However the small polystyrene beads used in these experiments were not actually in contact with the substrate, but rather were tethered to the substrate via DNA a few nanometers away. Thus, deformation of the polystyrene beads was minimal.) The maximum packing density of DNA molecules on a surface is known to be approximately 1 molecule/ 100 Å. 2 From this information, the maximum number of DNA strands tethering the beads to the substrate surfaces was estimated to be approximately 42,000 for the 0.87 m beads and 3500 for the 0.1 m beads. These values represent the theoretical maximum number of molecules involved in the bonding process. We estimate, however, that we used stoichiometrically about 10 times fewer DNA molecules than would be needed to achieve the maximum packing density. Thus, roughly 350 DNA molecules are sufficient to provide selective substrate attachment of 0.1 m beads, while 4200 DNA molecules suffice for 0.87 m beads. These values represent upper bounds on the amount of DNA used to attach the particles. In all likelihood, packing densities were not optimal, and surface roughness may further have decreased strand hybridization. Thus it is likely that far fewer strands were required to affect the attachment.
In a further step, we investigated the orientation of the DNA molecules involved in the attachment process. S2comp DNA was synthesized with its 3Ј and 5Ј ends reversed, and conjugated to polystyrene beads. Hybridizations to substrates were attempted using beads with the reversed DNA. Hybridization was observed with excellent (>20:1) selectivity. This implies that DNA on the particles and substrates cannot be perpendicular to their surfaces, but rather must be "bent" at an angle to allow hybridization of the reversed sequence. More careful measurements of the selectivity of such "reversed beads" might allow elucidation of the precise angle at which the DNA strands are attached and the number of nucleotides involved in the hybridization events.
IV. CONCLUSION
In summary, we demonstrated the sequence-specific attachment of inorganic particles to substrate surfaces using artificially synthesized DNA, 21 nucleotides in length. A size study was conducted, indicating that DNA assembly could be used to assemble particles with a minimum size range of 0.11-0.87 m in diameter. Highly reproducible selective attachment, with selective: nonselective binding ratios of >20:1 was shown with beads in this size range. An upper bound on the number of DNA molecules used to achieve such selectivity was estimated to range from 350 to 4200 per bead, depending upon the bead size. Finally, attachment of DNA that was "reversed" in 3Ј-5Ј orientation allowed the deduction that the DNA molecules were bent at an angle, relative to the surfaces of their solid supports. Unlike previous schemes, 19, 20 our technique does not utilize proteinprotein interactions during the assembly process. This should allow higher DNA packing densities on substrates and particles while at the same time making the process simpler and more robust. Although we had difficulty in the parallel assembly of beads with multiple identities, we believe that better control of the surface properties of particles used in our experiments would allow such parallelism. This would in turn allow the rapid and parallel assembly of many different kinds of objects and materials on a substrate.
The results in this paper are qualitative in nature. An obvious and necessary extension of this work is to quantitatively demonstrate that larger binding strengths and higher packing densities can be achieved using pure-DNA-assisted assembly in comparison to methods utilizing protein interactions. The strength of beadsubstrate coupling will depend simply on the number and orientation of the DNA strands or protein molecules used in the experiments. This in turn is affected by the specific DNA strands or proteins used, the substrate materials, the hybridization conditions, and the geometry of the materials that are to be assembled. A detailed study of the thin films of DNA as a function of these experimental variables could be undertaken using, for example, x-ray photoelectron spectroscopy, elipsometry, and/or time-offlight-secondary-ion-mass-spectrometry. These studies are beyond the scope of this preliminary paper but are required to fully characterize this process.
The technique demonstrated here represents a general means by which materials may be constructed from nanoparticulates. Such materials can exhibit a variety of novel optical, mechanical, electrical, and magnetic properties and have applications ranging from the fabrication of ultra-thin magnetic films for high-density storage to the construction of optical filters, to the realization of more sensitive biological sensors. With additional control over the positioning of the particles, this technique could provide a means by which nanoscale circuitry, wires, and optoelectronic components could be assembled.
